Objective: This study investigated the effect of proximal contact strength on the three-dimensional displacements of cantilever fixed partial denture (CFPD) under vertically concentrated loading with digital laser speckle (DLS) technique. Methods: Fresh mandible of beagle dog was used to establish the implant-supported CFPD for specimen. DLS technique was employed for measuring the three-dimensional displacement of the prosthesis under vertically concentrated loading ranging from 200 to 3 000 g. The effect of the contact tightness on the displacement of CFPD was investigated by means of changing the contact tightness. Results: When an axial concentrated loading was exerted on the pontic of the implant-supported CFPD, the displacement of the CFPD was the greatest. The displacement of the prosthesis decreased with the increase of contact strength. When the contact strength was 0, 0.95, and 3.25 N, the displacement of the buccolingual direction was smaller than that of the mesiodistal direction but greater than that of the occlusogingival direction. When the force on the contact area was 6.50 N, the mesiodistal displacement of the prosthesis was the biggest while the buccolingual displacement was the smallest. Conclusions: The implantsupported CFPD is an effective therapy for fully or partially edentulous patients. The restoration of the contact area and the selection of the appropriate contact strength can reduce the displacement of the CFPD, and get a better stress distribution. The most appropriate force value is 3.25 N in this study.
Introduction
Dental implants were introduced in the late 1960s for rehabilitation of completely edentulous patients (Branemark et al., 1986; Adell et al., 1990) . The use of osseointegrated implants as abutments for fixed partial dentures (FPDs) has become a treatment option for the rehabilitation of completely or partially edentulous patients over the last three decades (Adell et al., 1981; 1990) . The use of implants has revolutionized dental treatment modalities and provided excellent long-term results (Esposito et al., 1998) . Long-term success rates as high as 95% for mandibular implants and 90% for maxillary implants have been reported (Sevimay et al., 2005) . Despite high success rates provided by a great number of clinical studies, early or late implant failures still exist (Kohavi, 1993) . A key factor for the success or failure of a dental implant is the mobility of the implant after loading. Weinberg (1993) compared the mobilities of natural tooth and implant, and the results showed that the movement of natural teeth is more than 500 μm in both horizontal and vertical directions and is easily observed, while on the contrary, the mobility of implant is below 100 μm and not observable. The proximal contact strength and the type of restorations are responsible for the mobility of the implant after loading, which have a great influence on the success of dental implants in this study. In normal dentitions, natural teeth are integrated by contact areas which may keep them in balance and avoid their abnormal movement, and are helpful for the self-cleaning of gingival papilla. Dörfer et al. (2000) had studied the contact strength of normal natural dentition. It is a common view that contact area plays an important role in stress transmission and dispersion for decreasing implant mobility; however, there is limited research studying the effect of proximal contact strength on the three-dimensional displacements of implant-supported cantilever fixed partial denture (CFPD).
The implant-supported CFPD, which is supported by implant abutment at one end and unsupported at the other end, is one kind of FPD restoration. Forces transmitted through the cantilevered pontic could cause tilting and rotational movements of the implant abutments and can be detrimental to the health of the periodontium to some extent (Becker and Kaiser, 2000; Becker, 2004; Eskitascioglu et al., 2004; Aglietta et al., 2009; Salvi and Brägger, 2009; Zurdo et al., 2009) . So the restoration of the proximal contact area is crucial to the success of implantsupported CFPD.
When dealing with a complex stress analysis problem in which a complete theoretical solution may prove impractical with respect to time, cost, or degree of difficulty, experimental techniques are often used. Current techniques employed to evaluate the biomechanical loads on implants comprise the use of photoelastic stress analysis, two or three-dimensional finite element stress analysis, and holographic interferometry. At home and abroad, holographic interferometry method and beagles had been widely used to study displacement of implants or the stress distribution under static load (Batista et al., 2003; van Leeuwen et al., 2003; Chorres et al., 2005; Campos et al., 2006) ; however, this method is time-consuming and two-dimensional. Digital laser speckle (DLS) technique, developed from the holographic interferometry method, is real-time and easier to manipulate, but its use in the implant biomechanics area is rare. Accordingly, the purpose of this study was to research the displacement of implantsupported CFPD under vertically concentrated loading by means of DLS technique. Furthermore, the effect of proximal contact strength on the displacement of implant-supported CFPD was investigated.
Materials and methods

Manufacture of experimental animal models of implant-supported CFPD
The experiment was carried out in accordance with the guidelines issued by the Ethical Committee of Sichuan University, China. A healthy adult male beagle, aged at 12 months, weighing 12.4 kg, was provided by and housed in the Animal Center of West China School of Medicine, Sichuan University. The general health of the dog was checked daily by a veterinarian, who was also responsible for general anesthesia and euthanasia at the surgical procedure.
Firstly, under axenic conditions, the first and second premolars of the right mandible in the beagle dog were extracted with general anesthesia, and then two Straumann Tapered Effect implants (diameter 4.1 mm, length 8 mm) were immediately installed in the edentulous premolar regions. The primary stability of implants was evaluated after the implantation. After four months of healing, an X-ray plate of the implant was taken, which showed the secondary stability was well. Then the dog was euthanized and the implant-supported CFPD was fabricated in the in vitro fresh mandible of the beagle dog. The morphology of the abutments (C5) far from the pontic was the same as that of the first premolar of human beings; the morphology of the abutments (C6) near to the pontic was the same as that of the second premolar of human beings; and the morphology of the pontic (C7) was the same as that of the first molar of human beings.
DLS technique
The DLS technique applies a charge-coupled device (CCD) instead of the traditional holographic plate to get objective images before and after the loadings. Then the pictures of the CCD were taken by the conjoint computer and the speckle grams exposed before and after the loadings were analyzed (Chen et al., 2000) . The displacements of the fixed bridge are observed only in the plane of the CCD observation direction rather than the spatial orientation through single CCD in this study. Two CCDs that are in the same horizontal plane are arranged in a certain angle α. The spatial displacement of the fixed bridge was obtained from the vector synthesis of the respective measurements of the denture displacement by two CCDs.
The main components of the DLS system include a He-Ne laser, INFINITY3-1 typed CCDs, microscope tube, loading devices, computer, and so on (Fig. 1) . The computer outputs the displacement directly. The procedures were as shown in Fig. 2. 
Proximal contact area restoration system
Several components, including cylindrical compression springs (outside diameter 3 mm, wire diameter 0.5 mm), orthodontic band (thickness 0.2 mm), and spring dynamometer (Jinan Second Machine Factory), were employed to restore the proximal contact area.
The conventional Au-Pt porcelain fused to metal (PFM) was made after the preparation of the beagle left mandible canine, with a cavity of 3 mm in depth and 2.5 mm in diameter, in the distal proximal surface. The orthodontic band strip was prepared into 2.5 mm diameter circular and welded to one end of the spring to replace the proximal contact area. The contact area was located in the junction of mesial 1/3 and buccal 1/3. The springs were in different lengths.
The elastic coefficient of the stainless steel cylindrical helical spring was measured by spring tension and compression testing machine.
We placed the springs in the cavity of the crown to simulate four kinds of contact tightness. The original length of the spring (x) was measured when the elastic value (F) was 0, 0.95, 3.25, and 6.50 N according to the formula F=k·Δx, where k is elastic coefficient. Data are shown in Table 1 .
Fig. 1 Schematic representation of experimental setup
With one CCD can only get in-plane displacement OX and OY. In the present study, this technique was improved. With two CCDs, through formulation OZ=(OXcos α−OX 2 )/sin α, we could get three-dimensional displacement (Xu et al., 2013) 0 500 1 000 1 500 2 000 2 500 3 000 
Loading test
Firstly, a die stone foundation was made, the CFPD of which was straight when viewed from the horizontal direction. Then the animal model of the CFPD was fixed on the loading devices, and the light path of the DLS was adjusted (Fig. 1) to attain a real-time and clear picture in the conjoint computer. After that, an axial loading of 200, 500, 1 500, and 3 000 g was respectively exerted on the central fossa of the pontic, the abutments near to the pontic, and the abutments far from the pontic. Meanwhile, the CCDs' pictures were taken, and the conjoint computer analyzed the speckle grams exposed before and after the loadings. Finally, the software MATLAB and the relevant programs were used for calculating the three-dimensional displacements of the pontic and the abutments. The measurement of the pontic or the abutments was repeated three times, and the average value of the displacements was achieved. It might also be noted that the X-axis was in the mesiodistal direction (distal direction was minus; mesial direction was plus), the Y-axis was in the occlusogingival direction (occlusal direction was minus; gingival direction was plus), and the Z-axis was in the buccolingual direction (buccal direction was plus; lingual direction was minus).
Results
The displacement of CFPD increases with the increasing of loads, but the displacements' variation trend of implant-supported CFPD remains unchanged (Fig. 3) .
When an axial concentrated loading was exerted on the abutment, the displacement tends to the mesial, buccal, and gingival directions. When an axial concentrated loading was exerted on the pontic, the displacement tends to the distal, buccal, and gingival directions. When the contact tightness was 0, 0.95, and 3.25 N, the displacement of the buccolingual direction was smaller than that of the mesiodistal direction but greater than that of the occlusogingival direction. After the force reached 6.50 N, the displacements' variation trend changed. The mesiodistal displacement of the prosthesis was the biggest while the buccolingual displacement was the smallest. The displacement decreased dramatically when the contact value changed from 0.95 to 3.25 N, which means 3.25 N is the most appropriate force value.
Discussion
The aim of this study was to investigate the effect of proximal contact strength on the threedimensional displacements of implant-supported CFPD with the DLS technique.
One characteristic of this study was the introduction of the DLS technique. The DLS technique, which is developed on the basis of the laser Fig. 3 Three-dimensional displacements of implant-supported CFPDs under different loading and proximal contact strengths C5: abutments far from the pontic; C6: abutments near to the pontic; C7: pontic. X-axis was in the mesiodistal direction (distal direction was minus; mesial direction was plus); Y-axis was in the occlusogingival direction (occlusal direction was minus; gingival direction was plus); Z-axis was in the buccolingual direction (buccal direction was plus; lingual direction was minus); S was the total displacement holography method, applies a CCD to get objective images immediately before and after the loadings. It is more accurate than manual calculation. The DLS technique is an up-to-date technique of phonology which can be performed under atrocious conditions. As compared with holographic interferometry (Zhang et al., 2007) , the DLS technique has more advantages, such as high accuracy, real time, ease of operation, and time-savings. Compared with the finite element method (Wang, 2009) , DLS overcomes the disadvantages of the finite element method about the simplification and approximation of the subject's geometry and mechanical properties, and avoids error and effect of the experimental results. It must be assumed that the sustained external force applied to the teeth led to periodontal tissue creep. The elastic recovery of periodontal tissue, which is crucial to the measurement of denture displacement, was incomplete (Parfitt, 1960) . Thus, a further significant effect that could be demonstrated with the DLS technique is the fact that it can observe whether the elasticity and stability of the abutment periodontal membrane are fully recovered after loading in time through the comparative analysis of the two speckle images in different periods. Therefore, the DLS technique guarantees that the abutments are in the same physiological condition, which increases the comparability and reproducibility of the experimental results.
As for the results of the experiment, when an axial concentrated loading was exerted on the pontic of the implant-supported CFPD, the displacement of the CFPD was greatest. Stress concentration usually exists in the connector of the CFPD, which is consistent with the findings of most scholars (Wang et al., 1998; Romeed et al., 2004) . So it is advisable for clinicians to pay attention to the design of the connector of the abutment near to the pontic. Manda et al. (2010) reported that the connector with the highest risk of failure is the 3-mm connector distal to the retaining abutment. The forces transmitted through the cantilevered pontic could cause tilting and rotational movements of the abutments. Therefore, it is reasonable for clinicians to avoid premature contact, especially premature contact of the pontic when the CFPD is used. Huang et al. (2011) revealed that both loading type and implant position were crucial for the stress distribution in bone.
About the selection of loads, Chorres et al. (2005) chose 100 g in their experiment. Some researchers chose 500, 1 000, or 3 000 g to conduct their experiment (Chen et al., 1995; Çehreli and Iplikçioglu, 2002; Sevimay et al., 2005) . According to these references, dynamic loads of 100, 150, 200, 300, 500, 1 000, 1 500, 2 000, 2 500, 3 000, 3 500, and 4 000 g were exerted on the models in this experiment. However, we found that the young fringes were too sparse when the load was lower than 200 g and too compact when the load was greater than 3 000 g. For this reason four representative loads (200, 500, 1 500, and 3 000 g) were selected in the experiment. Under these loads, the interference fringes were clear and stable.
Another characteristic of this study was the introduction of the effect of proximal contact strength on the three-dimensional displacements of implantsupported CFPD. It is important to clinical research to some extent. The displacement of implant-supported CFPD, which is crucial to implant success and periodontal tissue health, decreased after the restoration of the proximal contact area. However, the displacements' variation trend of implant-supported CFPD remains unchanged and is characterized by the displacement of the buccolingual direction which was smaller than that of the mesiodistal direction but greater than that of the occlusogingival direction when the contact tightness was 0, 0.95, and 3.25 N. The proximal contact area has little effect on the displacement of CFPD under small loads (200 and 500 g). With increasing loads (1 500 and 3 000 g), the function of the proximal contact area increased. The displacement decreased dramatically when the contact value changed from 0.95 to 3.25 N and the total displacement of the CFPD was reduced to less than 50 µm, but after the contact value reached 6.50 N, no mesial and buccal displacements were detected under small loads (200 and 500 g). The displacements' variation trend of the implant-supported CFPD changed, and the mesiodistal displacement of the prosthesis was the biggest while the buccolingual displacement was the smallest under large loads (1 500 and 3 000 g). At this level of contact strength, the normal mobility of implants was restricted under small loads and the movement tendency was changed under large loads, which means the contact value of 6.50 N was too tight. Dörfer et al. (2000) had found the contact strength between the first and second premolars to be (3.48±1.80) N, greater than the range of the force that will cause irreversible damage of periodontal tissue. In conclusion, the most appropriate contact force value is 3.25 N.
The implant-supported CFPD model was established on the mandible of a beagle dog in this study. Many scholars at home and abroad have chosen the beagle dog to fabricate FPD models (Arısan et al., 2010; Coelho et al., 2010a; 2010b) . Andersen and Good (1970) contended that the histomorphology of the mandible and alveolar bones of beagle dogs was similar to that of humans. The strain condition of teeth and alveolar bone after loading was also similar to that of humans. In addition, many researchers select the beagle dog as an animal model to study the biomechanical behavior of teeth and alveolar bone after loading. Combined with the research of Dörfer et al. (2000) , we draw the conclusion that 3.25 N is also applicable in humans.
The experiment was carried out under static vertically concentrated loading. The implant suffers from different kinds of non-axial loading during chewing; however, there is no animal model that could precisely simulate the masticatory behavior. Therefore, further research about the influence of non-axial loading during chewing on implants is still required.
Conclusions
An in vitro study was constructed to investigate the effect of contact strength on three-dimensional displacement of the implant-supported CFPD by means of DLS technique. Within the limitations of this study, the following conclusions were drawn:
1. DLS technique successfully measured the three-dimensional displacement and was illustrated as a fast, effective, and safe method.
2. Recovering contact reduced the displacement of implants, mainly in the mesial and buccal parts.
3. It is advisable for clinicians to avoid premature contact, especially premature contact of the pontic.
4. Contact should be recovered to a proper strength which can effectively reduce the movement without changing the displacement distribution regularity.
